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A rapid method beginning with the direct lysis of bacteria in alkaline sodium
dodecyl sulfate was used to detect naphthalene plasmids in pseudomonads. The
strains NCIB 9816, PG, ATCC 17483, and ATCC 17484, which can grow on
naphthalene as the sole source of carbon and energy, were examined. All except
ATCC 17483 contained more than one plasmid. ATCC 17483 did not contain any
plasmids. The largest pair of plasmids found in each of NCIB 9816 and PG (NAH2
and NAH3, respectively) determined naphthalene metabolism and could be
transferred by conjugation. This also transferred the unusually regulated meta
pathway enzymes for catechol metabolism. NAH2 determines the constitutive
production of low concentrations of catechol 2,3-dioxygenase and 2-hydroxymu-
conic acid semialdehyde dehydrogenase, and NAH3 determines the constitutive
production of high concentration of these. NAH2 and NAH3 gave identical
fragments on digestion with BamHI or HindlIl, but these were quite different
from those of NAH. Nonetheless, NAH2 and NAH3 hybridized with NAH.

Three plasmids which determine the degrada-
tion of naphthalene in pseudomonads have been
described. NAH (10) specifies the early en-
zymes of naphthalene metabolism and probably
those for later steps involving the degradation of
catechol by the meta pathway. NPL1 (6), on the
other hand, allows growth on naphthalene only
when a separate specification for salicylate me-
tabolism is present. pND 140 and pND 160 (9)
have been distinguished from NAH by their
insensitivity to induction by 3-methylcatechol.
NAH has been isolated, and its molecular
weight has been determined (14); NAH has been
compared with other catabolic plasmids (4, 11,
13). Plasmids have been detected in three other
pseudomonads able to degrade naphthalene,
ATCC 17484, NCIB 9816, and PG, and the loss
of a plasmid from ATCC 17484 and from NCIB
9816 was associated with the loss of the ability to
degrade naphthalene (J. B. Johnston, personal
communication).
We have now examined the genetic basis for

naphthalene metabolism in these strains which
we earlier characterized biochemically (3). The
transfer of naphthalene metabolism by conjuga-
tion was possible with PG and NCIB 9816, but
not with ATCC 17483 and ATCC 17484. (We
were also not able to cure the latter two organ-
isms.) Plasmids were detected in Iysates of
PpG7, PG, NCIB 9816, and ATCC 17484, but
several methods (5, 12, 15, 17) gave poorly
reproducible results. Other laboratories have
reported difficulty in isolating catabolic plasmids
(17, 21). This problem was avoided in two ways.

Where possible, plasmids were transferred to
Pseudomonas putida PaW330, from which isola-
tion is reproducible by any method (C. J. Dugg-
leby, personal communication). The method of
Birnboim and Doly (5) was also modified slightly
to give reproducible isolation of catabolic plas-
mids. It was then possible to show that NCIB
9816, PG, and ATCC 17484 each contains sever-
al plasmids. Naphthalene degradation in NCIB
9816 and PG is determined by the largest plasmid
in each organism which we have designated
NAH2 and NAH3, respectively. On electropho-
resis, NAH, NAH2, and NAH3 are not separat-
ed. NAH2 and NAH3 give distinctly different
patterns from NAH on analysis with restriction
endonucleases, but hybridize extensively with
NAH. We were not able to confirm the report
(13) of a plasmid in ATCC 17483.

MATERIALS AND METHODS

Bacterial strains. We obtained P. putida PpG7 from
I. C. Gunsalus, Pseudomonas sp. strain PG from P. A.
Williams, PaW330 from C. J. Duggleby, and AC545
from A. M. Chakrabarty. NCIB 9816 was obtained
from the National Collection of Industrial Bacteria,
Torrey Research Station, Aberdeen, Scotland.
Growth on naphthalene was tested by inoculating

petri dishes containing agar-mineral salts (19) and,
where necessary, a required amino acid (100 ,ug/ml)
and by incubating them at 25°C with naphthalene in the
lid. To obtain liquid cultures grown on naphthalene,
we found it more convenient to use the following
procedure rather than one described previously (3).
Sterile molten naphthalene (about 1 ml) was poured
into 250 ml of a sterile salt solution (16) containing 0.7
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mM succinate and any required amino acid (100 ,ug/
ml). The medium was shaken during the addition to
disperse the naphthalene. The succinate present al-
lowed limited growth (absorbance at 600 nm between
0.15 and 0.2), and such cultures grown overnight at
25°C usually had an absorbance between 0.4 and 0.8
and were still growing. These cultures are referred to
as being grown on naphthalene, even though the
growth was initiated on succinate. Cultures grown
entirely on succinate contained 7 mM succinate and
the required amino acid (100 ug/nml) in the same
mineral salts.
Measurement of enzymic activities. Cultures were

harvested and washed, and cells were disrupted by
sonication as described previously (2). Catechol 2,3-
dioxygenase and catechol 1,2-dioxygenase (3) were
measured as described previously, except that the
sonicated cells were not centrifuged. Catechol 1,2-
dioxygenase was measured after inactivation of the
2,3-dioxygenase with the minimum of H202 (3).

Auxotrophic mutants. A mid-log-phase culture grow-
ing on succinate was centrifuged, suspended in miner-
al salts to give an absorbance at 600 nm of 0.2, and
incubated with N-methyl-N'-nitro-N-nitrosogu,anidine
(20 ,uag/ml) at 25°C for 30 min. Between 4 and 40% of
the cells remained viable on nutrient agar at this stage.
The suspension was centrifuged, resuspended in min-
eral salts plus succinate and amino acid (100 ,ug/ml),
and grown overnight. The culture was then taken
through three cycles of the procedure of Ornston et al.
(16) to enrich the culture with respect to amino acid
auxotrophs. They were finally selected by replica
plating.

Conjugation. The donor was grown to the stationary
phase at 25°C in nutrient broth and diluted 10-fold into
fresh medium. After a 0.5-h incubation, 0.5 ml of
donor culture and 0.5 ml of a stationary-phase culture
of the recipient were mixed in a tube and incubated
(without shaking) at 25°C for 30 to 45 min. The culture
was then centrifuged, washed with 1% NaCl, diluted,
and spread on selective media to count donors and
exconjugates separately.

Extraction and purification of plasmid DNA. Plasmid
DNA was extracted from exconjugates of PaW330 by
the method of Meyers et al. (15) from volumes of
nutrient broth-culture up to 1 liter, which were har-
vested when the absorbance at 600 nm reached 2. The
volumes of reagents used were proportional to those
originally described (15). For deproteinization with
phenol, the material from 1 liter of culture was divided
between eight 30-ml Corex centrifuge tubes. After
deproteinization, the aqueous layers were recombined
in a 500-ml sterile flask for precipitation of the DNA
with ethanol. After the preparation was allowed to
stand at -20°C, DNA was removed by centrifugation
at -10°C in two 30-ml Corex tubes. Each supernatant
was poured off, the tubes were topped up and centri-
fuged, and the final pellet obtained in each tube was
dissolved in 1 ml of TES (15). Preparations were
frozen at -20°C until used.
Plasmid DNA was purified by centrifugation in

CsCl-ethidium bromide solution. The nucleic acid con-
tent of the crude preparation was measured by diluting
10 ,ul of the preparation into 3.0 ml of phosphate buffer
(pH 7) and by measuring the increase in absorbance at
260 nm. The absorbance of the undiluted preparation
was calculated (usually about 360), and a volume was

then used for purification so that the product of the
volume and the calculated absorbance was 144. The
following steps were carried out under a dull red light,
and the material was not exposed to white light until
after the final dialysis. We mixed for centrifugation 6.0
ml of CsCl (saturated aqueous solution), 1.0 ml of
ethidium bromide (3 mg/ml), and the sample diluted to
2.0 ml with TES. The sample of the crude preparation
was then diluted to 2.0 ml with N-tris (hydroxymethyl)
methyl-2-aminoethanesulfonic acid. The refractive in-
dex was adjusted to 1.3900 ± 0.0005 at 21°C, and the
solution was centrifuged at 40,000 rpm for 40 to 43 h at
15°C (Beckman L3-50 centrifuge, 50 Ti head).
The gradient was collected in fractions of 0.2 ml

each, and a 20-,ul sample of each of these was electro-
phoresed in a 0.5% agarose gel (type V agarose, Sigma
Chemical Co., St. Louis, Mo.) in Tris-borate buffer
(15) at a field strength of 5 V/cm until a marker of
bromophenol blue had run 10 cm.
The gel was stained with ethidium bromide in water

(0.4 p.l/ml), viewed over a C-61 transilluminator (Ultra-
Violet Products, Inc., San Gabriel, Calif.), and photo-
graphed on Kodak high-contrast copy film 5069
through a Hoya 0 (g) filter.
Those fractions from the gradient which contained

only plasmid DNA were combined, and ethidium bro-
mide was extracted with propan-2-ol saturated with
water and NaCl. The preparation was then dialyzed
against three separate lots of 600 ml of 1 mM Tris-0.1
mM EDTA buffer (pH 8.0) at 5°C in bottles wrapped in
aluminum foil to exclude light. Only after the final
dialysis was the preparation exposed to white light. It
was transferred to a tube, the dialysis sack was rinsed
with a little water, and the volume was then reduced
approximately 10-fold by extraction with butan-2-ol.
The preparations were divided into small portions
before freezing at -20°C.

Detection of plasmids in wild-type strains. A 1.5-ml
sample of a culture growing exponentially in nutrient
broth (absorbance 1.0 to 1.2) was centrifuged for 2 min
at room temperature in an Eppendorf model 5412
centrifuge. The pellet was resuspended in 1 ml of ice-
cold 25% (wt/vol) sucrose-10 mM Tris (pH 7.2), and
centrifuged again. The pellet was resuspended in 0.1
ml of sucrose-Tris and lysed with 0.3 ml of a solution
containing 1% sodium dodecyl sulfate-0.2 M NaOH-
4.4 mM EDTA. After the solution had stood at room
temperature for 15 min, 0.17 ml of 4 M sodium
acetate-acetic acid (pH 4.8 when diluted 10-fold) was
added, and the mixture was left on ice for 1 h. The
suspension was centrifuged (10 min at room tempera-
ture), and the supernatant was mixed with an equal
volume of isopropanol. The mixture was cooled at
-18°C for at least 10 min and then centrifuged at room
temperature for 5 min. The pellet was dissolved in 25
pA of buffer for electrophoresis.

Analysis with restriction endonucleases and by hy-
bridization. Digestion with restriction endonucleases
was carried out at 37°C in 20 mM Tris-hydrochloride
(pH 7.0)-100 mM NaCl-7 mM MgCI2 for BamHI and
in 20 mM Tris-hydrochloride (pH 7.4)-60 mM NaCl-7
mM MgCl2 for HindlIl. The digestion products were
mixed with agarose beads containing bromophenol
blue and were electrophoresed in a 0.8% agarose gel in
Tris-borate buffer (15). Plasmids were labeled with
[3H]TTP (New England Nuclear Corp., nick transla-
tion system, Boston, Mass.) and hybridization carried
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TABLE 1. Bacterial strains used in the transfer of naphthalene plasmids to P. putida PaW330

Strain no.

PaW330
AC545
MC213
PpG7
MC86
MC281
NCIB 9816
MC190
MC256
MC274
PG
MC192
MC262
MC268

Origin Phenotype

C. J. Duggleby Trp-
A. M. Chakrabarty Sal' Met-
Cured strain of AC545 Met-
I. C. Gunsalus Nah+"
Auxotroph of PpG7 Nah+ Leu
MC86 x PaW330' Nah+ Trp
NCIB Nah+
Auxotroph of NCIB 9816 Nah+ Leu-
MC190 x MC213 Nah+ Met-
MC256 x PaW330 Nah+ Trp
P. A. Williams Nah+
Auxotroph of PGj Nah+ Leu
MC192 x MC213' Nah+ Met
MC262 x PaW330'' Nah+ Trp-

a Exconjugates as a percentage of donors.
b Grows on mineral salts agar over naphthalene.
c Exconjugates selected by providing naphthalene and the amino acid required

out as described by Heinaru et al. (13). The washed
cellulose nitrate sheets loaded with hybridized DNA
were dried and dipped in toluene containing PPO (2,5-
diphenyloxazole; 20%), and an autofluorograph was
prepared with Curix RP1 X-ray film (Agfa-Gavaert,
Toronto, Ontario, Canada).

RESULTS AND DISCUSSION
The strains used in this work are listed in

Table 1. MC86, a leucine auxotroph derived
from PpG7, was the only organism we could
cross directly with PaW330. MC190 and MC192,
leucine auxotrophs of NCIB 9816 and PG, re-
spectively, did not conjugate at a detectable
frequency (<1 in 108) either in liquid medium or
on nutrient plates. These strains conjugated
readily with MC213, however, and the progeny
of these crosses conjugated with PaW330. The
plasmids present in the original wild-type strains
were detected by our modification of the method
of Birnboim and Doly (5). The modification
essentially eliminates the initial incubation with
lysozyme, and it is applicable to many gram-
negative organisms, although occasionally cer-
tain uncharacterized isolates from soil have
failed to give clear lysates on treatment with
alkaline sodium dodecyl sulfate.

PG, NCIB 9816, and ATCC 17484 each con-
tains more than one plasmid (Fig. 1). The largest
of these in each strain is similar in size to NAH
found in PpG7, and it is this plasmid which is
transferred from PG and NCIB 9816 on conjuga-
tion and selection for Nah+. We presume the
largest plasmid in ATCC 17484 may determine
naphthalene metabolism by that organism, but
we have not been able to demonstrate its role by
either conjugation or curing. With ATCC 17483,
we have not been able to confirm the previous

Frequency of Plasmid
conjugation" carried

None
SAL
None
NAH
NAH

5 x 10 4 NAH
NAH2
NAH2

0.028 NAH2
0.1 NAH2

NAH3
NAH3

0.1 NAH3
0.04 NAH3

by the recipient.

report (13) of the presence of a plasmid identical
to NAH. ATCC 17483 is readily characterized
biochemically. It does not grow on benzoate and
during growth on naphthalene does not produce
any of the enzymes for the ortho pathway of
catechol metabolism (3). Although our method
detects catabolic plasmids in other strains very
reproducibly, we have not been able to detect
one in ATCC 17483. We have not been able to
cure this organism (although attempts to do so
with N-methyl-N'-nitro-N-nitrosoguanidine
leads to mutations in naphthalene metabolism
with high frequency [7]), and we have not been
able to transfer the Nah+ character by conjuga-
tion.
The early enzymes of naphthalene metabolism

in PG are induced during growth on naphthalene
or salicylate and induced gratuitously by 2-
aminobenzoate during growth on succinate (3),
and a similar behavior is observed with NCIB
9816 (2). The enzymes for the oxidation of
catechol by the meta pathway behave quite
differently in these organisms. Those of PG are
constitutive with high levels of activity, whereas
those of NCIB 9816 have a low activity under all
conditions of growth (3). Because these organ-
isms are putatively identical it was suggested
there might be two operons for the regulation of
naphthalene metabolism, one for early enzymes
and one for those of catechol metabolism
through the meta pathway. Austen and Dunn (1)
have produced experimentally in a plasmid regu-
latory mutants which demonstrate this possibili-
ty. Our present observations on the naphthalene
plasmids from NCIB 9816 and PG (NAH2 and
NAH3, respectively) show that transfer of the
plasmids to new hosts is accompanied by the
transfer of characteristic biochemical properties
(Table 2). Thus, NAH2 in MC190 and MC274

J. BACTERIOL.
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FIG. 1. Naphthalene plasmids in their original hosts and after transfer to PaW330. The tracks contain: a,

PpG7; b, PaW330; c, MC268; d, PG; e, MC274; f, NCIB 9816; g, MC281; h, PpG7; i, MC281; and j, ATCC 17484.

TABLE 2. Activities of meta pathway enzymes in strains carrying the naphthalene plasmids NAH2 and
NAH3

Sp act (,umolImin-' mg of protein- ')

2-
Strain no. Plasmid Carbon source Catechol 2,3- Hydroxymuconic

dioxygenase acid semialdehyde
dehydrogenase

PaW33O None Succinate <0.001 <0.001
MC213 None Succinate <0.001 <0.001
MC190 NAH2 Succinate 0.038 0.005

Naphthalene 0.011 0.007
MC274 NAH2 Succinate 0.005 0.006

Naphthalene 0.003 0.005
MC192 NAH3 Succinate 0.418 0.130

Naphthalene 0.405 0.136
MC268 NAH3 Succinate 0.410 0.125

Naphthalene 0.425 0.131
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FIG. 2. Restriction patterns of naphthalene plasmids NAH. NAH2, and NAH3. BazHInt1 digests: a. A: h.
NAH2; c, NAH3: d, NAH; e, A. Hinidlll digests: f. A: g. NAH: h, NAH2: i. NAH3; and j A. The molecular
weights given are for the Hinidlll digests of A. The fragments of NAH produced by Hidl(il (track g) are in accord
with those reported previously 1). Assuming the first intense band is two unresolved fragments as reported in
reference I 1 the molecular weight of frcagments of NAH sum to 52 x 1(0". Farrell et al. reported 50 x 10" (11).
The Hindlll fragments of NAH2 and NAH3 sum to a molecular weight of 77 x 10".

causes the production of low activities of cate-
chol 2,3-dioxygenase and 2-hydroxymuconic
acid semialdehyde dehydrogenase which are not
present in the plasmid-free strains (MC213 and
PaW330, respectively), which are similar to
those in the parent strain NCIB 9816 (3), and
which are not induced during growth on naph-
thalene. NAH3 in MC192 and MC268 causes the
production of high constitutive levels of the
meta pathway enzymes, similar to those in P0
(3), but which are not present in the plasmid-free
strains. We have also observed (unreported) that
in all Nah' exconjugates, naphthalene oxygen-
ase (19), 1,2-dihydroxynaphthalene oxygenase
(18), salicylaldyle dehydrogenase (20), and salic-
ylate hydroxylase (2) are induced during growth
on naphthalene or salicylate in a way similar to

the original wild types P0 and NCIB 9816 (2, 3).
On digestion with BamnHI and Hinidlll, NAH2
and NAH3 give identical fragments (Fig. 2). This
is in accord with the view that they have a
common origin and suggests that laboratory
propagation has fortuitously selected two differ-
ent regulatory mutants.
The pattern of fragments given by NAH on

hydrolysis with restriction endonucleases was
markedly different from that given by NAH2 and
NAH3 (Fig. 2). Nonetheless all the fragments of
NAH2 and NAH3 hybridize with NAH, and all
fragments of the latter hybridize with NAH2 and
NAH3 (Fig. 3). It appears, therefore, that not-
withstanding the different restriction patterns
NAH, NAH2. and NAH3 do have sti-uctural
relationships. It remains to be determined

J BACTE RIOL
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FIG. 3. Hybridization of BamHI restriction frag-
ment of NAH, NAH2, and NAH3 with NAH labeled
with [3H]thymine. Tracks a, b, and c, NAH3, NAH2,
and NAH, respectively, in the original gel. Tracks d,
e, and f, the autofluorograph of NAH3, NAH2, and
NAH, respectively, after transfer by the Southern blot
method.

whether these similarities lie in the structures of
genes for catabolic enzymes or in the structure
of other parts of the plasmids, or in both of these
areas.
The molecular weight of NAH determined by

the summation of the masses of fragments pro-
duced by HindlIl was 52 x 106, in agreement
with that reported previously (11) using this
method. The molecular weight of NAH2 and
NAH3 determined in this way was 77 x 106. The
intact plasmids NAH, NAH2, and NAH3 are
not separated on electrophoresis in 0.5% agar-
ose (Fig. 1), and this suggests NAH2 and NAH3
are more highly supercoiled than NAH.
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